Abstract: A combination of periodic acid, tetrabutylammonium bromide, and wet alumina in dichloromethane efficiently oxidized benzylidene acetals of carbohydrates to the corresponding hydroxybenzoates in excellent yields (>90%). Under these conditions, other protecting groups, such as tert-butyl(dimethyl)silyl, tert-butyl(diphenyl)silyl, and functional groups, such as epoxide, were unaffected. By varying the nature of the protecting group at the C3 position, good to high regioselectivity toward 4-or 6-benzoates was obtained.
It is well known that carbohydrates play important roles, not only as partial structures of various biologically active compounds, but also as inexpensive starting materials for total syntheses of natural products. 1 Regioselective protection of individual hydroxy groups of carbohydrates is an essential step in the synthesis of oligosaccharides. 2 Discrimination among the various secondary hydroxy groups of a carbohydrate is often a difficult task. The regioselective cleavage of benzylidene acetals is an appealing approach to attaining this goal. These acetals are widely used as protecting groups for 1,2-and 1,3-diols in organic synthesis because of their ease of preparation and their tolerance to a wide variety of reagents and reaction conditions. Although many methods are available for the reductive opening of benzylidene acetals to give O-benzyl ethers, 3 this is not the case with regard to their oxidative cleavage to form hydroxybenzoates. Benzylidene acetals can be oxidatively cleaved by using trityl tetrafluoroborate, 4 ozone, 5 palladium(II) acetate or copper(II) chloride/tert-butyl hydroperoxide, 6 N-bromosuccinimide and water, These methods are not frequently used because they require harsh conditions, long reaction times, or ecologically unfriendly reagents, and because most of them give only moderate to low regioselectivities.
Here, we describe a new procedure for high-yielding regioselective cleavage of benzylidene-protected glycosides to give the corresponding hydroxybenzoates by using a periodic acid, tetrabutylammonium bromide and wet alumina system. In continuation in our interest in the development of novel synthetic applications of systems consisting of (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) and co-oxidants, 13 and encouraged by reports on oxidative deprotection of O-benzyl ethers by TEMPO and sodium hypochlorite 14 or its oxoammonium salts, 15 we examined the oxidative cleavage of the 4,6-O-benzylidene derivative 1 with TEMPO and various co-oxidants. However, regardless of the conditions that we used, such as TEMPO, iodosylbenzene and Lewis acid With the aim of overcoming the drawbacks of existing methods, we screened a number of oxidizing systems that might promote the transformation of compound 1 into the corresponding hydroxybenzoates 1a,b, and our most significant results are listed in Table 1 .
Hypervalent iodine reagents in conjunction with bromide salts have been used for the oxidative cleavage of simple acetals. 16 1,2-Dihydroxy-1,2-dihydro-3H-1λ 3 -benziodol-3-one 1-oxide (IBX) or diacetyl(phenyl)-λ 3 -iodane [PhI(OAc) 2 ] in the presence of tetrabutylammonium bromide in aqueous acetonitrile at 65°C gave the desired 4-and 6-O-benzoates in acceptable yields, but with long reaction times and modest degrees of regioselectivity (Table  1 , entries 1 and 2). Marcotullio and co-workers have reported an oxidative cleavage of acetals with Oxone supported on wet alumina. 17 Under their conditions, we found almost no reaction occurred, and a mixture of benzoates was obtained in low yield (entry 3). Conversely, in the presence of 0.5 equivalents of tetrabutylammonium bromide, supported Oxone gave a roughly 1:1 mixture of regioisomers in good yield (entries 4 and 5). Interestingly, the use of 1,2-dichloroethane as the solvent instead of acetonitrile reversed the regioselectivity to give the 6-Obenzoate 1a as the main product in 60% yield (entry 6). Replacing Oxone with periodic acid 18 and performing the reaction in dichloromethane allowed the cleavage to proceed efficiently (90 min, r.t.) to give a mixture of diastereo-mers in excellent yield (96%), but with a moderate regioselectivity (64:36) in favor of the 6-O-benzoate 1a. In acetonitrile, the reverse regioselectivity in favor of the 4-O-benzoate 1b was observed, showing that, as in the case of Oxone as oxidant, the solvent has a significant effect on the regioselectivity of the cleavage of the 4,6-O-benzylidene moiety of 1 (entry 8).
We next examined the scope of the oxidative cleavage of various benzylidene acetals and the effects of the nature of protecting groups on the regioselectivity of the reaction of various monosaccharides with periodic acid/tetrabutylammonium bromide/wet alumina in dichloromethane. 19, 20 As can be seen in Table 2 , the yield of the oxidative cleavage was in excess of 90% with most substrates. We first studied the effect of the nature of the protecting groups at C-2 and C-3 on the regioselectivity of the reaction of methyl 4,6-O-benzylidene-α-D-glucopyranoside derivatives. Among the esters screened (entries 1-3), the dichloroacetyl group gave the best regioselectivity in favor of the 6-O-benzoate 3b (entry 3), in a similar manner to the corresponding reaction with dimethyldioxirane. 12a Bulky electron-donating groups in the 3-position, such as tertbutyl(dimethyl)silyl, tert-butyl(diphenyl)silyl, or tosyl, induced a reversal of the selectivity, with a high preference for the formation of the secondary benzoate (entries 6, 8, and 9), once again in agreement with the corresponding reaction with dimethyldioxirane. Protected methyl 2-deoxy-2-phthalimido-β-D-glucopyranoside derivatives gave similar regioselectivities to those obtained in the α-glucopyranoside series, confirming the predominant role of the substituent at O-3 on the regioselectivity of the oxidative cleavage of 4,6-benzylidene acetals (entries 11-13). As seen in the manno and galacto series, the regioselectivity was not affected by the configuration at C4 or C2 (entries 14-16). Oxidative cleavage of the exo-and endodibenzylidene mannopyranoside 17 (entries 17 and 18) gave two products, both having a 2-O-benzoate group, indicating that cleavage of the 2,3-O-benzylidene group of 17 led to the formation of the axially oriented benzoate group, in agreement with the regioselectivity observed with the potassium bromate/sodium dithionite system.
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Cleavage of the acid-sensitive 4,6-(4-methoxybenzylidene) acetal 18 gave an equal mixture of the two regioisomers in 75% yield, along with 20% of methyl 2,3-di-Oacetyl-α-D-glucopyranoside (entry 19). Oxidation of compound 19, bearing an epoxy function, gave a 1:1 mixture of regioisomers in high yield, although periodic acid is known to cleave epoxides to form carbonyl derivatives (entry 20). 21 In the presence of the periodic acid/bromide system, compound 20, bearing two benzyl groups, underwent concomitant oxidative cleavage of the benzyl and benzylidene groups to give several products, as observed by TLC. 22 By using Oxone and tetrabutylammonium bromide in aqueous acetonitrile, the two deprotected regioisomers 20a and 20b could be obtained in 68% yield (entry 22).
To elucidate the mechanism of our oxidative cleavage of benzylidene acetals, we conducted some additional experiments on compound 1. We found that oxidation of 1 was inhibited by galvinoxyl free radical or TEMPO (0.1 equiv), or by performing the reaction in darkness. To trap a putative hemi-orthoester or oxonium ion, we carried out the reaction in the presence of a large excess of methanol and, in addition to 1a,b (40% yield), we obtained the orthoester 21 in 24% yield (Scheme 1). The structure and configuration of 21 were assigned by means of NMR experiments (COSY, HSQC, and NOE). Under our reaction conditions, pure hydroxybenzoate 1b was not converted to any extent into its regioisomer 1a by equilibration. On the basis of these results, we propose a plausible mechanism for the cleavage of benzylidene acetals with periodic acid and tetrabutylammonium bromide, which is shown in Scheme 1. Oxidation of bromide ion by periodic acid gives molecular bromine, 23 as evidenced by the orange color of the suspension. The bromine molecule undergoes homolytic cleavage under visible light to generate a bromine radical. Benzylic hydrogen abstraction gives radical A which is trapped by the bromine radical to give the bromo acetal intermediate B. 24 Disproportionation B to benzoxonium ion C and bromide ion, followed by attack by water, gives hemi-orthoester D, which collapses to provide the 4-and 6-O-benzoates. In the presence of methanol, the oxocarbenium ion C gives the isolable orthoester E, which is hydrolyzed to form hydroxybenzoates. The role of alumina is probably in buffering the acidity of the periodic acid, thereby preventing hydrolysis of the benzylidene acetal, and in mediating the reaction by dispersion of the oxidant on its surface. In summary, we have shown that the periodic acid/tetrabutylammonium bromide/wet alumina system is an efficient reagent system for regioselective oxidative cleavage of a variety of benzylidene acetals of carbohydrates, and that the reaction is controlled by the nature of the protecting group at the C3 position. Because the reaction involves mild conditions, requires cheap reagents, is chemoselective, has short reaction times, and involves simple workup, this protocol represents a valuable alternative to existing methods. Studies of other uses of this new supported oxidizing system are currently under way.
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